Abstract. Substance P, a member of the tachykinin family, is expressed in primary invasive malignant melanomas, metastatic melanomas, melanomas in situ, atypical naevi, and spindle and epithelioid cell naevi. The role of substance P in cancer development and progression is not clear. Radiotherapy, which is used extensively in the treatment of malignancies, alters substance P levels. It is, however, not known whether radiotherapy affects substance P levels in melanomas or in the tumor microenvironment. Given the fact that melanomas express substance P, possible radiation-induced changes in substance P content may underlie their radio-resistance. Hence, the aim of the present study was to determine the effects of radiotherapy on the growth of B16F10 melanomas as well as on the tumor and systemic expression of substance P. In vivo exposure of tumor-bearing C5BL/6 mice to ionizing radiation (45 Gy administered in three fractions) arrested tumor growth for three weeks and induced 3-fold increases in survival, as well as decreasing substance P levels in primary tumors and the surrounding skin. Although radiotherapy was applied locally (1 x 1 cm) at the mid-flank region of the animal, it also induced systemic changes in the levels of substance P. Specifically, radiotherapy decreased substance P levels in skin distant from the radiation field as well as in the lungs and adrenals. In order to understand the significance of this effect, B16F10 cells and cells made from metastatic lesions (B16LNAD cells) were treated with substance P. Substance P inhibited the growth of B16F10 and B16LNAD cells and further potentiated the inhibitory effects of radiotherapy. These findings demonstrate for the first time that substance P inhibits melanoma growth, and that radiotherapy-induced decreases in substance P levels may underlie the radio-resistance of melanomas.
Introduction
Cutaneous malignant melanoma is a rare but highly aggressive disease responsible for approximately 70% of skin cancerrelated mortalities. Once melanoma spreads to the lymph nodes, patient survival decreases markedly, despite new treatment modalities (1) . Hence, there is an urgent need for novel therapies, which requires a better understanding of the mechanisms of the disease as well as of traditional treatments.
Substance P (SP), a member of the tachykinin family, is expressed by both neuronal and non-neuronal cells, and is involved in neurogenic inflammation, the sensation of pain, the regulation of immune response, and cancer progression. Specifically, SP induces cell proliferation by activating neurokinin 1 receptors in melanoma cells (2) . It is expressed in primary invasive malignant melanomas, metastatic melanomas, melanomas in situ, atypical naevi, and spindle and epithelioid cell naevi (3) . These findings suggest that the autocrine secretion of SP promotes the growth and metastases of melanoma. Conversely, we observed that the depletion of SP from sensory nerve endings increased breast cancer metastases (4, 5) . Furthermore, treatment with SP decreased the growth of melanomas, small-cell lung cancer, colon cancer and prostate cancer (6) (7) (8) (9) (10) (11) (12) (13) (14) . The role of SP during metastatic growth is therefore controversial, and requires further study.
Radiotherapy (RT) is used extensively in the treatment of many cancerous growths, such that over half of all cancer patients receive radiation therapy during the course of their treatment (15) . Radiobiological studies have demonstrated that melanomas are formed by a heterogeneous group of cells, some of which are radiosensitive (16) (17) (18) (19) . The factors involved in the radiosensitivity of tumor cells are not completely known. Detailed studies performed by Overgaard (17) demonstrated that hypofractionated doses of RT are the most effective. This finding has been supported by other clinical studies (20) (21) (22) (23) .
RT has been shown to induce SP expression in breast cancer cell lines (24) . It is not known whether RT affects SP levels in melanomas. Given the fact that melanomas express SP, possible radiation-induced alterations in SP expression may be involved in its RT-resistance.
There have been a limited number of studies examining the effects of RT on B16F10 melanomas in-vivo. None of these studies examined the long term effects of high doses of radiation on tumor growth, metastases, and changes in SP levels. Hence, the present study had several goals: first, to determine the effects of RT on melanomas formed with B16F10 cells in C57BL/6 mice; second, to determine RTinduced changes in both tumor and systemic SP expression; and finally, to evaluate the effects of exogenously administered SP on the growth inhibitory effects of RT in B16F10 cells and their metastatic derivative line, B16LNAD.
Materials and methods
C57BL/6 mice (8-12 weeks old of both sexes) were used in the study. Animals were inbred at Akdeniz University, School of Medicine, Research Animal Facilities. All protocols were approved by the Animal Research Ethics Committee of Akdeniz University. The SP EIA Kit was obtained from Cayman Chemicals (cat no. 583751).
B16F10 melanoma cells were grown in DMEM-F12 medium supplemented with non-essential amino acids, sodium pyruvate and 5% fetal bovine serum (FBS). B16F10 cells (10 6 ) were injected subcutaneously into the left mid-flank region of the C57BL/6 mice under ether anesthesia.
Each mouse was irradiated in the Co-60 teletherapy unit at a 100-cm distance under ketamin/xylazine anesthesia 48 h after the inoculation of the cells. The collimated irradiation field was 1.5 cm 2 at the skin of the mid-flank region using a fabricated lead alloy block. The dose rate at irradiation was 65 cGy/min. The prescribed dose of 45 Gy was delivered at three fractions of 15 Gy two days apart. Control animals were only treated with ketamin/xylazine to rule out possible effects of anesthesia on tumor growth.
Initial studies were performed using 1000-5000 cells/well seeded in 96-well plates for screening the effects of ionizing radiation and of SP treatment on cell growth in vitro. In addition to B16F10 cells, B16LNAD cells obtained from several abdominal lymph node metastases and a sample of adrenal metastasis found in one RT-treated mouse (LNAD, lymph node and adrenal metastasis) were also used. Cells were treated with SP (10-0.001 μM) 36 h after plating and were irradiated with a single dose of ionizing radiation 5 h after SP treatment. Cell growth was determined 48 h, 72 h or 7 days after irradiation. Each cell plate (2-cm thick) was irradiated in the Co-60 teletherapy unit at a distance of 100 cm. In order to achieve a homogeneous dose (+%2.5) at the cell plate, the plate was embedded on water equivalent bolus material and 0.5-cm thick bolus material was placed on the cover of this as well. The prescribed dose was 20 or 45 Gy at 1.5 cm (in the middle of the plate), and the dose rate at irradiation was ~145 cGy/min. Cell proliferation was evaluated using the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner salt (MTS) according to the manufacturer's instructions (Cell Titer 96 Aqueous One Solution Cell Proliferation Assay; Promega Corp., Madison, WI, USA). Formation of formasan determined at OD 490 was compared between the groups.
After an initial screening with the MTS cell proliferation assay, two SP concentrations were chosen, and the total cell and living cell numbers were determined using the trypan blue exclusion test. For this purpose, cells were seeded on 6-or 12-well plates (100,000 or 50,000 cells/well, respectively) and treated with vehicle or SP 36 h after plating. Ionizing radiation (45 Gy) was applied 5 h after treatment. Experiments were terminated 72 h after the RT. Each experiment was repeated three to five times.
For SP measurements, cells were seeded in 6-well plates (200,000 cells/well) and irradiated in serum-free medium. Conditioned medium was collected 48 h after irradiation, and SP was extracted using the Oasis Extraction Column (Waters Corp., MA, USA). SP extractions from tissues were performed as previously described without column extraction (25) , with the following exception: a two-step extraction was performed for lung and skin samples. Briefly, samples were incubated in 2% acetic acid at 95˚C for 15 min, supernatants were removed (first extraction) and the pellets were incubated in 2% acetic acid at 95˚C for 45 min for the second extraction. Supernatants were dried in a speed-vacuum and re-suspended in sample buffer provided in the SP EIA Kit. Single extraction for 60 min was used for adrenal and tumor tissue.
Statistical analysis. Data were evaluated using the Student's t-test. A P-value <0.05 was considered to be statistically significant.
Results

Radiotherapy markedly suppresses tumor growth and increases survival. Animals received 3 x 15
Gy ionizing radiation 48 h apart locally. The first dose was applied 48 h after the injection of the B16F10 cells. As shown in Fig. 1A , tumor growth in untreated animals (control) was very rapid, reaching 13 mm in diameter within 2 weeks (n=10). On the other hand, in animals treated with RT, the growth of primary tumors was arrested for 3 weeks (n=5). Similarly, the sizes of the primary tumors did not reach control levels, even 2 months after RT. This demonstrates that tumors formed by B16F10 cells were radiosensitive in vivo.
Survival was determined using the time point when animals were heavily morbid, such that their movements were markedly slowed down or that they experienced respiratory distress. We previously observed that once the mobility of the animals was markedly impaired, they died within a day. As shown in Fig. 1B , the lifespan of the RT-treated animals was increased 3-to 4-fold, reaching 67 days in one animal. Treated animals became heavily morbid due to multiple skin and lymph node metastases. Metastatic nodules were fast growing and, once metastatic lesions appeared, the animals became morbid within a week. Multiple skin metastases were observed in all the animals, and three animals had macroscopic inguinal and axial lymph node metastases of 3-5 mm in diameter each. Two animals also had metastases on the abdominal lymph nodes, and one had macroscopic adrenal and lung metastases.
Radiotherapy alters SP levels locally and systemically. SP levels were determined in primary tumors, in skin adjacent to the primary tumors, and in the adrenals and lungs. Skin samples distant from primary and metastatic tumors were also examined. RT significantly decreased SP levels in primary tumors 50-60 days after the final dose of radiation ( Fig. 2A) .
Skin SP originates from neuronal and non-neuronal cells. We previously demonstrated that neuronal SP was extracted within the initial extraction of 5-15 min, while the second extraction included non-neuronal SP (26) . Hence, a two-step acetic acid extraction was used. Unexpectedly, tumor growth alone decreased SP levels in skin samples distant to the primary tumor. The reduction was evident in first as well as second extractions. RT further decreased SP levels of unirradiated skin in the second extraction (Fig. 2B) , demonstrating that non-neuronal cells of the skin, such as fibroblasts and keratinocytes, were also affected.
The effect of RT on SP levels in the skin surrounding the primary tumor was similar to its effects on tumor cells and on distant skin. The amount of SP obtained in the second extraction decreased significantly in skin samples adjacent to the primary tumor of irradiated animals. SP recovered in the first extraction was also slightly decreased (Fig. 2C) .
Although ionizing radiation was applied locally to the mid-flank region, SP levels were also altered in relatively distant organs. Specifically, RT decreased total SP levels of the lung and the adrenals compared to the tumor-bearing untreated animals. In contrast to the skin, the presence of the tumor did not alter lung and adrenal SP levels (data not shown). The effects of radiotherapy on tissue substance P levels. Substance P levels were determined using two-step acetic acid extraction as described in Materials and methods. (A) Changes in substance P levels in primary tumors obtained from controls and animals treated with ionizing radiation. (B) Changes in substance P levels in skin distant from the tumor. Tissues were taken from control animals (no tumor) and from the melanoma cells of untreated tumor-bearing animals and radiotherapy-treated tumor-bearing animals. (C) Substance P levels in skin adjacent to the tumors as well as in the lungs and adrenals, respectively. * p<0.05, significantly different as compared to the control group; Student's t-test.
In-vitro effects of radiotherapy on cell growth and SP levels.
We examined the acute effects of RT on cell growth and SP levels in B16F10 cells and in the B16LNAD cell line from metastatic lesions. Cells (1000-5000 cells/well in a 96-well plate) were plated, medium was exchanged with serum-free medium, and RT was applied 36 h after plating. Cell growth was determined 48 h after a single dose of ionizing radiation (45 or 20 Gy) (Fig. 3A) . Although RT almost completely arrested cell growth in vivo, at both doses it only slowed down the growth of B16F10 cells by 30%.
Interestingly, B16LNAD cells were more sensitive to ionizing radiation. This may be due to the higher rate of proliferation of B16LNAD cells observed here (27) . Time 0 levels in Fig. 3A register the formation of formasan, an indicator of cell number, just before RT. The cell number 48 h after the initial readings of untreated cells (control) demonstrates that B16LNAD cells proliferate much faster than B16F10 cells. Specifically, after 48 h, the number of B16F10 cells was increased 2.6-fold, whereas the number of B16LNAD cells was increased 5.2-fold. The cell growth rate of B16F10 cells after RT was also determined 1 week after irradiation. There was no difference in the extent of growth inhibition induced by RT (Fig. 3B) .
Changes in SP levels following RT were also examined. Cells were plated (200,000 cells/well in 6-well plates) 36 h before RT. Medium was replaced with serum-free medium just before RT. SP levels were determined in conditioned media that were removed 48 h after RT. As shown in Fig. 3C , RT did not alter the amount of SP released from B16F10 or B16LNAD cells. Similarly, SP levels in cells made from metastatic lesions (B16LNAD) did not differ from levels in the parental cell line (B16F10).
Substance P treatment inhibits the growth of B16F10 cells and enhances the growth inhibitory effects of RT.
As described above, 50-60 days after RT, SP levels decreased in both the tumor and surrounding tissue. The significance of this effect on tumor progression was not known. To clarify the role of SP in tumor growth, B16F10 cells plated on 12-well plates were treated with SP (1 and 0.1 μM in serum-free medium as well as medium supplemented with 1% FBS, with four repeats of each treatment). Live cells as well as the total cell number were determined 72 h after SP treatment using the trypan blue exclusion test. In a second set of experiments, SP treatment was combined with RT (45 Gy).
As shown in Fig. 4 , SP dose-dependently decreased the number of live cells in the control group (not irradiated) and increased the cytotoxic effects of RT. However, the total number of cells was not affected by SP treatment, which indicates that SP did not inhibit cell proliferation but rather induced cell death. Specifically, cell death was evident, with an abundance of condensed seemingly apoptotice cells and cell fragments in the control group treated with 1 μM SP (Fig. 4A) , as well as in the RT group treated with 0.1 and 1 μM SP. Surprisingly, microscopically visible dead cells were very few in the group which received RT only, indicating that RTinduced cell death is a late event that is not evident by 72 h (Fig. 4A) . The growth inhibitory and cytotoxic effects of SP were evident in serum-free conditions as well as in the presence of 1% FBS (panel 4C). These experiments were repeated 3-4 times. The percent decrease in cell survival was calculated for each experiment, and the average of 3-4 experiments is shown in Table I . The results demonstrate that SP inhibits the growth of melanoma and potentiates the antitumor effects of RT.
SP inhibits the growth of B16LNAD cells and enhances the growth inhibitory effects of RT.
The experiments described above were repeated using B16LNAD cells in order to determine the effects of SP on metastatic cells. The results were similar, with SP proving equally effective in decreasing cell survival. This effect was dose-dependent and was evident in the presence and absence of FBS (Fig. 5). Fig. 5A shows the appearance of cells under a contrast phase microscope. RT alone seemed to induce more cell death in B16LNAD cells than in B16F10 cells, as condensed cells and cell remnants were observed more frequently (Fig. 5A) . These experiments were repeated 3-4 times, and representative results are shown in Fig. 5B and C. The cumulative results of the 3-4 experiments are shown in Table I .
Discussion
Our results demonstrate for the first time that radiotherapy decreases SP levels in melanoma as well as in local and distant tissues, which in turn may antagonize the therapeutic effects of RT and induce tumor progression. We found that in-vitro SP treatment suppressed the growth of B16F10 melanoma These findings may seem surprising at first glance, given that SP is a mitogenic peptide known to induce angiogenesis and tumor cell proliferation (2) . Studies indicate, however, that the effect of SP is dependent on the tumor model in which it is examined. While, in some models, SP has been found to stimulate tumor growth, other studies have documented the opposite effect (6) (7) (8) (9) (10) (11) (12) (13) (14) (28) (29) (30) (31) . For example, it has been demonstrated that pre-treatment of mice with SP protects against melanoma growth by inducing anti-tumor immunity. Additionally, silencing of the SP gene has been implicated in colon carcinogenesis (6, 32) . Flageole et al reported that SP increases the cytotoxic immune response to colorectal cancer cells (12) . SP has also been shown to supress the motility of cancer cells, decreasing invasiveness in prostate cancer (14) . Lastly, aerosolized SP has been shown to protect against cigaretteinduced lung damage and tumor development (7). Our results further confirm these findings and demonstrate the antitumoral effects of SP against melanoma. Furthermore, we show for the first time that SP increases sensitivity to RT.
B16F10 melanomas seem to be resistant to low-to-moderate doses of RT. Tumor growth was not significantly inhibited in mice treated with a single dose of 10 Gy 7 days after the inoculation of B16F10 cells (33) . Recently, Jin et al demonstrated that 5 Gy x 3 radiation suppresses the growth of B16F10 melanomas by approximately 50% on day 16 (34) . Since moderate doses of RT did not completely suppress the growth of B16F10 melanomas, we used relatively high doses of radiation. Specifically, three fractions of 15 Gy, which were found to be very effective in patients with uveal melanoma, were administered 48 h after the inoculation of the cells (35) .
Our findings demonstrate that, besides having local effects, high-dose radiation has systemic side effects, such as altering the neuropeptide content of the skin and viseral organs. We observed that melanoma decreases distal skin, lung and adrenal SP levels. Similarly, Höckerfelt et al reported that nerve fibers containing SP and vasoactive intestinal peptide in colon mucosa decreased 5-6 weeks after abdominal RT, demostrating that RT decreases the survival of peptidergic sensory neurons (36) . Sensory neurons are involved in wound healing, and the loss of their activity may lead to the late tissue damage observed following RT. Here, we also showed that SP has anti-tumoral effects, and that RTinduced loss of SP may potentiate tumor growth (37, 38) .
A two-step acetic acid extraction was used to differentiate changes in neuronal and non-neuronal SP by a previously verified method (26) . Surprisingly, we observed that nonneuronal SP decreased more than neuronal SP following RT. At present, we do not know the reasons for these differential effects, but they may be due to the partial regeneration of sensory fibers. Similar findings have been previously reported. For example, Forsgren et al found decreased levels of SP in the parenchyma, but not in ganglionic neuronal cells, 6 months after irradiation (39) . It was also found that large dense-cored vesicles of sensory neurons, which store neuropeptides, were not affected by 45 Gy radiation (40) .
In conclusion, substance P exhibited anti-tumoral effects against melanoma and potentiated the cytotoxic effects of radiotherapy. Further studies are needed to elucidate the mechanisms of the tumor suppressive effects of substance P, and to determine its potential as a tumor suppressor in other malignancies. Table I . Cummulative results of SP cytotoxicity in B16F10 and BLNAD cells.
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